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a b s t r a c t
We report on tubular cladding optical waveguides fabricated in neodymium doped yttrium aluminum
garnet (Nd:YAG) crystal by ultrafast laser inscription. The structure can support guidance at the wave-
length of 4 μm for the TE and TM polarizations. The refractive index contrasts of the cladding waveguides
for the two transverse polarizations were estimated to be ΔnTEE7.5103 and ΔnTME6.5103.
The propagation losses of the cladding waveguides at the wavelength of 4 μm were determined to be as
low as 0.7 dB/cm for the TE polarization and 1.0 dB/cm for the TM polarization.
& 2013 Elsevier Ltd. All rights reserved.
1. Introduction
Nowadays, the ultrafast laser inscription (ULI), as one of the
most powerful and unique techniques for three-dimensional (3-D)
volume micro-structuring of transparent dielectrics because of its
outstanding advantages of 3-D fast and versatile processing, has
been widely employed to fabricate optical waveguides in a large
number of optical materials, involving glasses [1–3], optical
crystals [4–7], ceramics [8–11], and polymers [12]. The focused
ultrafast laser in transparent crystal can produce some controlled
micro-modifications in the direct-irradiate region, forming the so-
called “track” or “filament”, and induce a positive or negative
change of the refractive index in the focal volume [9]. To the best
of our knowledge, in most of the crystals, a reduction of the
refractive index in the focal volume could be induced after the
scanning of the ultrafast laser. So the materials fabricated by the
ULI technique can form the waveguide structure in a few crystals.
The ULI waveguides could be divided into four categories: Type I
waveguides with single line (an increase of the refractive index in
the focal volume), Type II waveguides with double-line filaments
(a decrease of the refractive index in the filaments fabricated by
the scanning of the ultrafast laser), Type III cladding waveguides
with large area of cross sections (a decrease of the refractive index
in the damage track induced by the ultrafast laser) and Type IV
ridge waveguide ablated by the ULI technique on the planar
waveguide [13]. Concerning the cladding waveguides, it includes
the low-index tubular cladding structure with a large number of
damage tracks and the relatively high-index core waveguide
region surrounded by the filaments. In theory, we can adjust the
shape and size of the cladding waveguide structure with more
flexibility [14–16]. Thus, the waveguide structure with the special
shape and size can be used to couple into or out of the certain fiber
with the high efficiency. Moreover, the light from visible to mid-
infrared (MIR) range till longer wavelength regions can be guided
in the cladding waveguide structure due to its large dimensions. In
Nd, Yb or Tm doped YAG ceramics or crystals, Nd:YVO4, BiB3O6,
KTiOPO4 and ZnS crystals, such cladding waveguide structures
have been achieved [13,17–21]. Especially, the ultrafast laser
inscribed cladding waveguides at MIR wavelengths in Tm doped
YAG ceramic and ZnS crystal have been reported [18,21].
Accompanying the development of Type-II quantum well lasers
(based on GaSb and dilute-nitride semiconductors) and InP-based
quantum cascade lasers [22–25], the MIR spectral region has
become vitally fascinating because of the various charming appli-
cations, for example, optical sensing, thermal imaging, biomedi-
cine, free-space communications, etc. [26]. In particular, it is well
known that in the MIR region the two atmospheric transmission
windows (3–5 and 8–14 μm) are the most important spectral
regime for modern optical communication. The MIR wavelength
included in the two windows region can be propagated with high
transmission, low reflection and less absorption. Besides, as the
basic components for the integrated photonics, the waveguide
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structure have been used widely in the modern optical commu-
nication because the special structure of the waveguide can
confine light propagation in reduced volumes; thus reaching high
optical intensities of light. Furthermore, the cladding waveguide
structure with large dimension can support guidance at the MIR
wavelength and enhance optical properties of the bulk materials.
Based on such structure, we can realize a number of MIR applica-
tions in chip-scale wafers which can be applied in the modern
optical communication. And some waveguide structures in silicon-
on-insulator [27,28], silica on silicon [29], and chalcogenide glass
[30] at the MIR range have been reported.
Recently, the active ions (e.g., Nd, Yb, Er, Tm, Cr and Ho) doped
crystals, glasses and ceramics were widely applied in the laser
pumping. And the active ions doped yttrium aluminum garnet
crystal (Y3Al5O12 or YAG) is one of the most used and researched
materials owing to its excellent optical and physical properties,
such as outstanding fluorescence, mechanical, thermal properties
and a transparency window covering from visible to infrared
wavelengths (0.4–5.5 μm) [31], which can be used in the MIR
laser pumping. As is well known, the active Nd ions doped in the
crystal do not affect the guiding properties of the waveguide. By
investigating the MIR guiding properties of Nd:YAG crystal, one
could explore the possibility of the MIR laser generation in suitable
rare-earth ion (such as Er, Tm, Ho etc.) doped YAG systems.
For example, Ho and Tm co-doped YAG crystal could be applied
for 2 μm laser pumping from the visible light [32]. The cladding
waveguide structure fabricated by the ULI technique in the Nd:
YAG ceramic and single crystal had been reported by Liu and
Okhrimchuk [33,34]. In this work, to our best knowledge for the
first time, we report on the guiding properties of optical cladding
waveguides at the wavelength of 4 μm in Nd:YAG crystal fabri-
cated by the ULI technique.
2. Experimental details
The Nd:YAG crystal used in our work was cut to the dimensions of
9(x)10(y)2.0(z) mm3, and the largest and the two edge faces of
the sample were polished to an optical quality. The cladding wave-
guide structures were fabricated by the amplified Ti:sapphire laser
system of the Universidad de Salamanca, Spain. The fabrication
schematic is depicted in Fig. 1. The laser system delivered 120 fs
pulses, linearly polarized at the wavelength of 800 nm, with a
repetition rate of 1 kHz and 1mJ maximum pulse energy. A calibrated
neutral density filter and a set of half-wave plate and linear polarizer
were used to reduce the pulse energy to 0.6 μJ. The beam was then
focused 150 μm beneath the sample surface by employing a micro-
scope objective (Leica 40 , numerical aperture N.A.¼0.65), while
the sample was moved at a constant velocity of 700 μm/s (along the y
direction) with the help of a motorized 3-axes stage. As a result, a
damage track along the crystal was produced. The process was
repeated at certain depths (with the maximum of 150 μm) and
positions of the sample in order to produce a tubular structure
formed by multiple parallel damage tracks. The separation between
adjacent tracks was set to 3 μm. Consequently, a cladding waveguide
structure including the low-index tubular structure with a large
number of damage tracks and the relatively high-index core wave-
guide region surrounded by the filaments was achieved. In the inset
of Fig. 1, we show a picture of the waveguide taken with an optical
microscope (Axio Imager, Carl Zeiss) operating in transmission mode.
In order to investigate the near-field modal profiles of the cladding
waveguide, we employed the end-face coupling arrangement which
also can determine the value of the maximum refractive index
contrast, as shown in Fig. 2. According to the above-mentioned
results, the refractive index distribution can be reconstructed. In the
end-face coupling arrangement, the sample was mounted on a 6-axes
optical stage. The incident light at the wavelength of 4 μm, generated
in the Tunable Laser System – MIRTM 8025 (Daylight Solutions, Inc.),
was focused by a MIR microscope objective lens (ZnSe, LFO-5-12-3.75,
N.A.¼0.13) placed after a linear polarizer, and then coupled into the
cladding waveguide. Afterwards, the output light was collected by
using another MIR microscope objective lens at the other facet of the
sample. The near field intensity distributions were recorded with a
MIR charge coupled device (CCD) experimentally. And the power of
the incident and output light was measured by the optical power
meter (Model 1916-R, Newport), and the total loss of the waveguide
system (including coupling loss and propagation loss) was obtained.
The coupling efficiency was calculated by the size of overlap area
between the incident light and the waveguide modes. By subtracting
coupling loss and the Fresnel deflection (occurring at the two air-
crystal end facets) from the total loss, we could approximately
calculate the propagation losses of the cladding waveguide structure.
We also measured the N.A. of the waveguide in order to get the
maximum value of refractive index changes of the waveguide at the
wavelength of 4 μm, by adjusting the position of the incident
coupled light.
3. Results and discussion
The inset of Fig. 1 shows the photograph of the cross section of
the cladding waveguide in the Nd:YAG crystal by using an optical
Fig. 1. The fabrication schematic of Nd:YAG cladding waveguide by ultrafast laser
inscription. The inset shows the photograph of cross section of the cladding
waveguide in Nd:YAG crystal by an optical microscope (Axio Imager, Carl Zeiss)
operating in transmission mode.
Fig. 2. Schematic of the end-face coupling arrangement used to investigate the optical properties of the cladding waveguide in Nd:YAG crystal.
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microscope operating in transmission mode. As we can see from
the figure, the diameter of the cladding structure is 100 μm. The
core region of the waveguide structure is located inside the circle
that consists of a large number of filaments induced by the
ultrafast laser inscription. Some cracks of the crystal that do not
affect the core of the fabricated structure can be seen in the
picture. They are produced by multiple irradiation of the sample
during the fabrication procedure.
Due to the geometry of the cladding waveguides, there is no
way to directly measure the refractive index profile by the typical
measuring method, such as the m-line technology. However, the
maximum value of the waveguide refractive index contrast can be
obtained by the measurement of the N.A. of the waveguide, which





where Θm is the maximum incident angular deflection angle
where no transmitted light is coupling into the cladding wave-
guide, while n is the refractive index of the substrate [5]. Based on
Fig. 3. Reconstructed refractive index distributions of the cladding waveguide fabricated by ultrafast laser inscription in Nd:YAG crystal for the TE (a) and TM
(b) polarizations.
Fig. 4. 2-D and 3-D calculated near-field modal profiles of cladding waveguide fabricated by ultrafast laser inscription in Nd:YAG crystal for the TE polarization (the red
circles represent the position of the depressed cladding structure). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
Fig. 5. 2-D and 3-D calculated near-field modal profiles of cladding waveguide fabricated by ultrafast laser inscription in Nd:YAG crystal for the TM polarization (the red
circles represent the position of the depressed cladding structure). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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the measured Θm, we estimated the refractive index contrast to be
ΔnTEE7.5103 and ΔnTME6.5103 between the low-
index tubular cladding structure formed by the inscribed filaments,
and the core waveguide region. According to the refractive index
contrast, we roughly reconstructed the refractive index distribution
for the TE and TM polarization of the cladding waveguide,
respectively, as shown in Fig. 3(a) and (b). The two profiles
obtained from RSoft© software can roughly display the shape
and size of the cladding waveguide [35]. And we can also see that
the change in the refractive index for the TE polarization is larger
than that for the TM polarization. Based on the two refractive index
distributions, the 2-D and 3-D calculated near-field modal profiles
for the TE and TM polarizations, shown in Figs. 4 and 5, was
achieved by the BeamPROP module of the RSoft© software which
is the most widely used propagation technique for modeling
integrated and fiber optical photonic devices.
In order to investigate the waveguide properties, the end-face
coupling arrangement was employed to measure the near-field
modal profiles of the cladding waveguide in the Nd:YAG crystal for
both the TE and TM polarizations at the wavelength of 4 μm. It is
clear from Figs. 6 and 7 that the fabricated cladding waveguide
structure supports single mode light of 4 μm for both TM and TE
polarizations. And the calculated near-field modal profiles for the TE
and TM polarizations are in very good agreement with the experi-
mental results shown in Figs. 6 and 7, respectively. It also implies that
the reconstructed refractive index distributions were acceptable and
the simulations based on the reconstructed refractive index profile
were successful. Afterwards, we measured the incident and output
light power by using the optical power meter working at the MIR
region. By computation, we achieved the effective incident light
power and then approximately calculated the propagation loss for
the TE and TM polarizations at the wavelength of 4 μm, 0.7 dB/cm
and 1.0 dB/cm, respectively. Obviously, compared to the TM modal
light, the cladding waveguide can propagate the light for the TE
polarization better. We think that two possible factors might be
responsible for such difference, just as our previously reported
cladding waveguide structures in zinc sulfide crystal [21]. On one
hand, there is a track separation of 3 μm between the damage
filaments, so that the light with the TM polarization (parallel to these
damage tracks) could scatter out of the cladding waveguide structure
easier than the light for the TE polarization. On the other hand, the
measured refractive index contrast of the structures is different for
both polarizations. For the TE polarization, the refractive index
change is larger and it may confine the light inside the cladding
structure better.
An improvement of the optical properties of the cladding
waveguides in Nd:YAG or other crystal could be achieved, in
principle, by reducing the scan separation and by increasing the
pulse energy during the irradiation (just to increase the refractive
index contrast). However, both factors are limited by the damage
produced in the crystal, which could lead to severe cracks affecting
the core region of the waveguide.
4. Conclusion
In summary, we have reported the fabrication of cladding
waveguides in Nd:YAG crystal by using the ultrafast laser inscription
Fig. 6. 2-D and 3-D measured near-field modal profiles of cladding waveguide fabricated by ultrafast laser inscription in Nd:YAG crystal for the TE polarization (the red
circles represent the position of the depressed cladding structure). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
Fig. 7. 2-D and 3-D measured near-field modal profiles of cladding waveguide fabricated by ultrafast laser inscription in Nd:YAG crystal for the TM polarization (the red
circles represent the position of the depressed cladding structure). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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technique. The guiding properties at the wavelength of 4 μm have
been investigated, denoting single mode behavior for both TE and
TM polarizations. The measured propagation losses were 0.7 dB/
cm for the TE polarization and 1.0 dB/cm for the TM polarization.
The cladding waveguide structure with better optical performance
could be achieved by reducing the lateral separation and increasing
the refractive index change contrast. Some potential low-loss devices
of the active ions (e.g., Er, Dy, Ho, or Tm) doped YAG cladding
waveguides can be fabricated by the ultrafast laser inscription
technology and applied in MIR optical communications or MIR laser
pumping.
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